ABSTRACT. F~sh-to-fish transmission of the marine myxosporean Myxidium lee; was experinlentally demonstrated in sea bream Sparus aurata L. A group of specif~c-pathogen-free (SPF) fish of -11 g each were placed in a wire-mesh cage immersed In a tank holding infected fish. A second group was placed in a tank receiving water discharged from another tank holding diseased fish. After 9 wk, the fish were sacrificed and 12 of the 38 (31.6%) test fish from the mesh cage were found to harbor trophozoites, sporoblasts and spores in the posterior gut epithelium, as was readily diagnosed by standard paraffin histology. Of the fish exposed to water discharge, 10 out of 30 (33.3%) showed similar infection. None of the fish examined displayed any proliferative stages of the parasites in the blood, spleen, kidney, liver or gill samples. All of 100 control fish examined remained uninfected. A third group of SPF fish was fed once daily for 7 d on pieces of freshly dissected M. leei-infected gut, after which the fish were maintained on a commercial pellet diet for a further 4 wk. Control f~s h in this experlrnent were fed only commercial pellets for 5 wk. The fish were sacrificed after 5 wk, and 4 out of 30 test fish (13 %) were found to be infected. All control fish remained uninfected. Examination of the water sampled from all tanks in which infected fish were held revealed presence of exfoliated gut tissue and mucus casts containing trophozoites, sporoblasts and spores of M. leei. Examination of existing potential intermediate hosts yielded definitively negative results for actinosporeans. It is suggested that M. lee1 is transmitted between fish by ingestion of excretions from infected fish. The results reveal that sharing facilities with diseased fish as well as exposure to contaminated water is a route for parasite transmission. In general contrast to the freshwater myxosporeans studied to date, the present study of a marine species provides evidence that d~rect transmission can take place without need for actinosporean developnlent in an alternate (oligochaete) host. It is suggested that this may be a model for the development of other marine myxosporeans as well.
INTRODUCTION
Although the majority of Myxosporea identified to date are marine species, the most intensive work carried out to date on this important group of parasites has dealt with freshwater species that infect freshwater, anadromous or catadromous fish hosts (e.g. carp, trout, salmon, eel, etc.) . Based on 12 to 15, all of them freshwater, of the approximately 1250 recognized myxosporean species, the transmission route via actinosporean stage in oligochaetes as proposed by Wolf & Markiw (1984) is now accepted by many as universal for the group (Lom & Dykova 1995) . According to this model, development of the Myxosporea includes an obligatory alternation of myxosporean-fish and actinosporean-oligochaete development for completion of the parasitic Me cycle. Lom (1989) reported 37 known actinosporeans as opposed to 1000 myxosporeans. He pointed out that if each myxosporean had a matching actinosporean, the relatively few known actinosporeans were evidently greatly outnumbered, particularly in the marine environment (Lom 1987) . Indeed, the actinosporean-myxosporean transformation route has yet to be demonstrated in a marine myxosporean. Recently, Kent et al. (1994) suggested that some marine myxosporean species may utilize invertebrates other than oligochaetes as alternate hosts, while others may have evolved (or retained) the ability to infect fish without need of any alternate actinosporean development whatsoever.
Up to the significant discovery of Wolf & Markiw (19841, lt was generally accepted that myxosporean spores must age or 'ripen' outside the fish host for an extended period before they become infective to fish (Lom 1989) . It was assumed for many years that 'fish become infected with Myxosporidia by swallowing their spores; no intermediate host is included in the cycle' (Polyanski 1961) . This conformed with the classic hypothesis that after ingestion of the myxosporean spore, the sporoplasm escaped from the shell in the digestive tract of the fish as a small amoebula, crossed the intestinal wall and migrated via the bloodstream or lymphatic system to the target organ (Noble 1944) . Indeed, successful direct transmission via spores was reported in a few cases of Myxobolus spp. and Sphaerospora renicola (Hoffman & Putz 1969 , Prihoda 1983 , Odening et al. 1989 ). However, this hypothetical course of events remained unsettled, since most direct fish-to-fish infection trials using spores were unsuccessful (all in freshwater species, e.g. Schafer 1968 , Fryer & Sanders 1970 , Wyatt 1978 , El-Matbouli & Hoffmann 1989 , Grossheider & Korting 1992 , Kent et al. 1994 .
Myxidium lee1 is a marine myxosporean that infects sea bream Sparus aurata and at least 3 other cultured sparids, Diplodus puntazzo, Pagrus major and Pagrus pagrus (Diamant 1992 , 1995 , Diamant et al. 1994 , Sakiti et al. 1995 , Le Breton & Marques 1995 , Tarer et al. 1996 ). An accidental introduction into the Gulf of Eilat via imported fish culture stocks, this histozoic pathogen of Mediterranean origin has become established in the tropical marine region of the northern Red Sea (Diamant 1995) .
In the last year, sea bream brood stock in a fish hatchery in southern Israel exhibited persistent, continuous low grade mortalities. Examination of these fish demonstrated chronic Myxidium leei gut infections as previously described by several authors (Diamant 1992 , Diamant et al. 1994 , Le Breton & Marques 1994 .
This report presents the details of experiments carried out with Myxidium leei in sea bream and designed to determine the mode of transmission of this parasite.
MATERIALS AND METHODS
All experiments were carried out in a flow-through sand-filtered seawater system. In June 1996, 24 Myxidium leei-infected fish (600 to 700 g) brood stock were obtained from a commercial hatchery. All were examined for M. leei spores in mucosa scrapings sampled through the vent and verified to be infected. Fish were acclimated for 6 wk in 2 groups of 12 in 600 1 tanks marked 'Tank A' and 'Tank B'. These fish were used as M. leei donor fish.
For experimental exposure, several hundred specificpathogen-free (SPF) juvenile sea-bream from laboratory-bred stock were obtained from the National Center for Mariculture (NCM) Genetics Department. Mean weight was 11.3 g (7.1 to 20.0 g; n = 20). All test fish and controls were maintained on a commercial dry pellet diet prior to the experiments.
Three types of procedure were used to investigate the transmission of Myxidium leei to test fish: (1) exposing test fish in a wire mesh cage immersed in a tank holding infected fish (cohabitation), (2) exposing test fish to water discharged from a tank holding infected fish (effluent), and (3) feeding test fish with pieces of infected gut tissue containing M. leei trophozoites, sporoblasts and spores.
Cohabitation. A group of 50 test fish was placed in a 40 X 40 X 80 cm protective 1 cm wire mesh cage immersed in Tank A. This allowed cohabitation between the 2 stocks, yet kept the much larger infected (donor) fish from physically harming the smaller test fish.
Effluent. A group of 50 test fish was placed in an 80 1 tank next to Tank B. The 80 1 tank received its water supply from Tank B through a pipe, so that the test fish were continually exposed to discharged water from the tank of infected fish. Controls. There were 2 control groups, C and D, each consisting of 2 tanks of 50 l with 30 test fish. Control 'C' was supplied with sand-filtered sea water, and control 'D' with unfiltered water pumped directly from the sea. A total of 50 fish were sampled from each of the control groups.
All treatments and controls (A, B, C and D) were sampled in Weeks 2, 4, 6, 7, 8 and 9. Each sampled fish was anesthetized, weighed, and sacrificed, and a blood smear was taken. The viscera were dissected and a fresh mucosa scraping of the posterior gut examined. The alimentary tract, liver, spleen, kidney and gills were fixed and processed for paraffin histology. Fish that died during the experiment, condition permitting, were necropsied and examined for Myxidium lee1 presence in the gut. The experiment was terminated at the end of 9 wk, when all remaining fish were sacrificed. Altogether, 168 test and control fish were examined.
Samples of fouling organisms were scraped off the sides of Tanks A and B for identification throughout the 9 wk period. Likewise, the water effluent from Tank B was examined. Filtrates through a 200 pm plankton mesh were examined periodically during the experiment.
Feeding. A group of 63 test fish was divided into 2 groups and placed in 2 clean 50 1 tanks. The 30 fish in the treatment tank were fed daily over the first week with bits of freshly dissected gut tissue from infected fish. For the next 4 wk, they were maintained on a conlmercial pellet diet. The control group of 33 fish was fed a comnlercial pellet diet throughout the entire 5 wk. Both tanks were cleaned and siphoned dally and kept free of fouling organisms. The fish of both groups were sacrificed simultaneously at the end of 5 wk and processed for paraffin histology.
Tissue processing. Small pieces of tissue were fixed in buffered neutral formalin and processed using standard procedures for paraffin embedding and sectioning (Sheehan & Hrapchak 1980) . Sections (? pm) were stained with hematoxylin and eosin, PAS, Gram stain or Giemsa. Test fish were considered positive (infected) only if mature spores could be demonstrated in a scraping of the posterior gut mucosa upon sacrifice and if clear histological evidence of parasite infection was subsequently demonstrated.
RESULTS

Cohabitation
Results of the 9 wk cohabitation experiment are summarized in Table 1 . Low grade mortalities of fish in the wire mesh cage began in Week 2 and persisted throughout the experiment. A total of 38 test fish was examined during the 9 wk period. Infected fish were first detected in Week 7, when 4 of 8 fish examined were found positive for Myxidium leei. Histology revealed 12 fish (31.6%) with PAS-positive trophozoites and sporoblasts developing in the posterior intestine. The blood smears of all examined fish, as 
Effluent
Results of the effluent experiment are summarized in Table 1 . Low grade mortalities began in Week 2 and persisted throughout the experiment. A total of 30 test fish was examined during the 9 wk period. The first infected test fish were recorded in Week 2, when 1 of 3 examined fish was infected. In histological sections, the postenor intestine of 10 of the fish exhibited numerous trophozoites and sporoblasts developing in the mucosa (Fig. 1) . The blood smears and histological sections of all other sampled organs revealed no distinct pathological features.
Controls
Fish in both control treatments C (unfiltered seawater) and D (sand-filtered sea water) suffered no mortalities during the experiment. A total of 50 fish was examined from each control. None of the fish had any histological evidence of Myxidium leei infection (Table 1) .
Examination of filtrate
Examination of the effluent water filtrate in Tank B revealed a variety Examination of fouling organisms for actinosporeans Feeding Samples of fouling organisms scraped off the sides of Tanks A and B yielded copepods, polychaetes, oligoResults of feeding trials are presented m Table 2 . chaetes, nematodes, coelenterates, protozoa and filaFour (13.3%) of the 30 test fish fed with infected mentous algae. Actinosporeans were searched for gut tissue displayed hindgut infections with Myxidrepeatedly in water filtrates and in squash preparations ium lee1 trophozoites, sporoblasts and spores (Figs. 5 o: the different invertebrates. However, despite con-& 6). All 33 fish of the control group remained uninsiderable effort, not a single actinosporean was found.
fected. (1996) , infected fish tissue and through waterborne contamiwho previously proposed that each developing M. leei nation. Although only about 30 % of the test fish in the pansporoblast forms an extra 2 bicellular entities which exposure treatments became infected, these fish dismay promote rapid re-infection of the same host. The played heavy infection with trophozoites, sporoblasts rapid proliferation may theoretically also be a result of and spores in the gut tissue. This may suggest that, folautoinfection (i.e. parasite sporogenesis followed by lowing initial invasion of the host, the parasite underspore maturation and hatching, all in the same host; Lom & Dykova 1995), since the results of experiment C (feeding with infected gut) suggest that a period of spore 'ripening' outside the host may not be necessary for successful infection in this species. It would seem unlikely that the observed infection pattern could result from massive ingestion of spores by the test fish, since in such a case we could expect a higher prevalence than the 10 to 33% observed in the experiments. According to present taxonomic criteria which are based on spore morphology, Myxidium leei shares spore characteristics with both Mwdium and Zschokkella (see Diamant et al. 1994) . Actinosporeans have been shown actinomyxon is involved in the developmental cycle of Myxidium giardi (Benajiba & Marques 1993), and comparable development has been demonstrated for the actinosporean Siedleckiella silesica and Zschokkella nova by Uspenskaya (1995) . Fish-myxosporean and oligochaete-actinosporean alternate development have also been demonstrated in additional freshwater fish hosts for Zschokkella and Myxidium by Yokoyama et al. (1991) and Benajiba & Marques (1993) . However, transmission of the present species seems to vary from the above cases dealing with these 2 genera.
Although actinosporeans are found in marine invertebrates (Shul'man 1988), and it is reasonable to assume that the actinosporean-myxosporean transformation does occur in the sea, not a single marine myxosporean life cycle has yet been shown to include an actinosporean phase in its development. Only 2 species, both of the genus Sphaeractinomyxon, have been recorded from marine oligochaete worms, but neither has been associated with a corresponding fish myxosporean (Hallett et al. 1995) .
The experiment in which test fish were fed freshly dissected Myxidium leei-infected gut tissue was kept scrupulously clean of fouling organisms for the entire duration of the 5 wk. In the exposure experiments (Tanks A and B), oligochaetes as well as other invertebrates did occur amongst the fouling organisms, but it seems unlikely that these played any role in the transmission, since no actinosporeans were found in repeated examinations of water or in squash preparations of the various invertebrates. Moreover, not a single one of the 133 control fish in the different control groups became infected.
Oligochaete worms are considered to have evolved in freshwater and subsequently spread to marine habitats (Giere & Pfannkuche 1982) . On the other hand, the class Myxosporea has been considered to be primarily a marine group which later spread to freshwater habitats (Lom & Noble 1984 , Shul'man 1988 . If we accept these assumptions, it would seem unlikely that oligochaetes should play a decisive role in the transmission of the numerous forms of marine Myxosporea. According to this hypothesis, it may be predicted that oligochaetes will ultimately be found to play a reduced, yet important role in the transmission of myxosporea in the freshwater-marine interface of estuarine habitats. In the sea, the myxosporeans may eventually be found to utilize other annelids, but so far this possibility has not been confirmed, thus favoring the likelihood of direct transmission.
Fish-to-fish transmission in marine myxosporeans may be inferred from parasitological studies of migratory marine fish. Successful transportation of parasites during fish migration is more likely to occur in monoxenic species or in heteroxenic species when the intermediate host has migrated as well (or in cases of low parasite-host specificity) (Petrushevski 1961 , Paperna 1972 , Bauer 1991 . Study of the Red-Med (Suez Canal) fish immigrants Siganus nvulatus and S. luridus (Siganidae) has shown that parasites requiring one or more intermediate hosts have not followed the fish into the Mediterranean; only monogenea, endoparasitic and ectoparasitic protozoa have been recovered from the immigrant fish (Diamant 1989) . Two myxosporean species, Zschokkella icterica and Ceratomyxa sp., are the only presumably heteroxenic parasitic species which have persisted. Their endurance on the irnrnigrant Siganus population may alternatively be interpreted as a result of the ability to be directly transmitted from fish to fish.
Direct transmission of Myxidium leei explains the rapid spreading of myxidiosis to an increasing number of Mediterranean fish farms (Tarer et al. 1996) . Infections of M. leei are evidently transmitted via waterborne spore-laden gut mucosa fragments and mucous casts excreted by the diseased fish. At the same time, natural transmission can presumably take place through necrophagy, which is common in fish, particularly fish in captivity. Whether the infection occurs through transfer of vegetative stages which are capable of surviving the host's digestive tract [as the results of previous studies, e.g. Odening et al. (1989) , may suggest], or whether it occurs through ingestion of spores without any intermediate host, the capacity of M, leei to be transmitted horizontally between fish by fish feeding on infected tissue, by cohabitation or through waterborne contamination is of great relevance to sparid mariculture management in regions where the disease is enzootic. 
